ABSTRACT
of these were pigmented and encoded homologues of glutamyl-tRNA reductase (GluTR), an enzyme 23 involved in the C5 pathway leading to tetrapyrole synthesis, and one clone had antibacterial activity 24 with no pigmentation. The latter contained a BAC with an insert of 15.6 kb. 
INTRODUCTION 39
After the industrialization of penicillin production a plethora of antibiotics came into the market 40 (Fernandes, 2006 Microorganisms are known producers of antimicrobials (Tawiah et al., 2012) however access to all 46 antimicrobial producers is hindered by the fact that not all are cultivable in the laboratory. 47
Metagenomics allows access to the genetic potential of whole microbial communities in an 48 environmental sample (Mullany, 2014) and has allowed the isolation of novel antimicrobial products. 49
For example, investigation of the microbial communities associated with the marine sponge, 50
Cymbastela concentric, and the green alga, Ulva australis, led to the identification of three novel 51 hydrolytic enzymes with antibacterial activity (Yung et al., 2011 screening allows access to natural products that cannot be found using other methods. Recently a 59 novel method for growing previously uncultivable soil bacteria has been developed which enabled 60 the isolation of a new antibiotic, teixobactin, further emphasising the potential of non-cultivable 61 bacteria as a rich source of useful products (Ling et al., 2015) . 62
In this study we investigated the human oral metagenome by functional screening for antimicrobial 63 production. A novel antibacterial protein was isolated from a BAC library of human plaque and saliva 64 metagenomic DNA. Additionally, a vector for efficient cloning and stable maintenance of toxic genes 65 was designed and used. 66
MATERIALS AND METHODS 67

Bacterial cultures and vectors used. 68
Escherichia coli strains and plasmids used in this study are listed in The pTGEX plasmid was used for sub-cloning in E. coli DH5α. Sub-clones from each experiment were 101 grown on LB agar containing kanamycin (30 µg/ml) and IPTG (1 mM) for 12 h at 37°C followed by 12 102 h of incubation at 22-25°C and thereafter scored for antibacterial activity as described above. The 103 insert DNA from the sub-clone showing antibacterial activity was sequenced using pTGEX sequencing 104 primers, pTGEXFP (5'-TTACGAGCTTCATGCACAG-3') and pTGEXRP (5'-AGGGTTATTGTCTCATGAGC-3') 105 which flank the cloning site. 106
Bioinformatics analysis. 107 DNA sequences were analysed using tools available at the National Centre for Biotechnology 108 Information (NCBI), ORF finder (http://www.ncbi.nlm.nih.gov/) and BLAST (Altschul et al., 1990 He et al., 2012) . Biochemical analysis of the pigments from the soil metagenome showed 149 that they were coproporphyrin and minor porphyin intermediates and the gene encoding GluTR 150 (hemA) was shown to be responsible for pigment production. As E. coli also contains a hemA gene it 151 is likely that the pigmentation is due to increased levels of GluTR as a result of either the increase in 152 copy number of the hemA gene or increased expression in the metagenomic clone. Therefore it is 153 likely that the GluTR-encoding clones from the oral metagenome were also producing antibacterial 154 porphyrins. 155
Sub-cloning of the antibacterial encoding genes required the construction of a new vector 156
The non-pigmented clone, HOAb112C, contained a plasmid designated p112C with an insert of 15.6 157 kb. In order to localize the region responsible for antibacterial activity, sub-cloning of the three 158
HindIII fragments (7 kb, 4.7 kb & 3.9 kb) was attempted. Despite multiple attempts, the gene 159 encoding antimicrobial activity could not be cloned into pUC based vectors. However, the three 160
HindIII fragments were successfully cloned in pTGEX (see materials and methods for vector details) 161 to generate pTGEX7, pTGEX4.7 and pTGEX3.9 and antibacterial activity was only observed in E. coli 162 containing pTGEX4.7 (Fig. 2) . 163
The utility of pTGEX was further demonstrated by sub-cloning the 5.4 kb insert from pBAC108J, 164 containing the gene involved in production of a pigmented antibacterial metabolite (see above) into 165 pTGEX to generate pTGEX5.4. The radius of the zone of inhibition in pTGEX5.4 was 0.4 cm while that 166 in the original BAC clone was 0.1 cm (data not shown). Presumably this is because in pTGEX5.4 the 167 gene in the insert is under the control of a strong ITPG inducible promoter, whereas in pCC1BAC its 168 likely to be under the control of its own promoter. Furthermore, un induced pCC1BAC has a copy 169 number of 1 whereas pTGEX5 has a copy number of 10-12. The larger zone of inhibition produced by 170 subcloning in pTGEX, may prove useful for the easier identification of clones producing antibacterial 171 products. 172
DNA sequence analysis of a clone encoding a novel antibacterial protein. 173
DNA sequence analysis of pTGEX4.7 showed that it contained six orfs ( Fig. 3 ) with homology to genes 174 of Neisseria species: starting at the the 5' end, the first partial orf showed 82% identity to the gene 175 fadD coding for long-chain-fatty -acid--CoA ligase (NCBI accession number CBN86964), the second 176 orf showed 86% identity to the gene trmU coding for tRNA (5-methylaminomethyl-2-thiouridylate)-177 methyltransferase (accession number ADO32009), the third showed 83% identity to a gene coding 178 for a hypothetical protein (accession number ACF28991) which we subsequently designated 179 antibacterial protein1 (abp1). The fourth orf showed 73% identity to dgk coding for diacylglycerol 180 kinase (accession number CBN86961), the fifth orf displayed 84% identity to gshB coding for 181 glutathione synthetase (accession number ADZ01159) and the sixth partial orf showed 80% identity 182 to recN coding for DNA repair protein RecN (accession number CBN87706). 183
To precisely identify the gene(s) responsible for antibacterial activity, p112C was subjected to in vitro 184 transposon mutagenesis. This clone was chosen as a target for mutagenesis as it was thought it may 185 contain regulatory genes involved in the modulation of antimicrobial production. Two mutants, 186 112CTM3D10 and 112CTM1H7, which had lost antibacterial activity and which each had a single 187 transposon insertion were obtained. In 112CTM3D10, the transposon was inserted in the 483 bp orf 188 (abp1) whose translation product showed 96% identity to a hypothetical protein (WP_003681960) of 189 N. flavescens. Homology searches in the conserved domain database showed that Abp1 belonged to 190 a family of proteins (putative membrane or periplasmic proteins) with unknown function. However, 191 the mutagenesis results clearly showed that the gene encoded a product with antibacterial activity. 192
Interestingly, in 112CTM1H7, the abp1 coding sequence was intact and the transposon was inserted 193 between the -10 and -35 boxes of a predicted upstream promoter suggesting that transposon 194 insertion has prevented transcription. Downstream of the gene, a Rho-independent transcription 195 terminator was predicted (Fig. 4) . 196 At the N-terminus of Abp1, a 19 residue signal peptide was recognized by PSORT (Fig. 4) 
